We have constructed a plasmid expressing E. coli Ml RNA, the catalytic RNA subunit of ribonuclease P, under the control of a phage T7 promoter. The active Ml RNA species synthesized in vitro by T7 RNA polymerase from this vector was reacted with the^RNA n -tRNA " precursor RNA (Band K) encoded by phage T4. Only the tRNA u moiety of this dimeric precursor RNA contains the 3' terminal C-C-A sequence common to all tRNAs. We observed that protein-free Ml RNA was capable of processing the precursor RNA at the 5' ends of both tRNA tRNA sequences. The + rate of cleavage of the tRNA n sequence was more strongly dependent on [^ ] than that of tRNA u , increasing severalfold between jLOO and 5^0 mM Mg , conditions under which the rate of cleavage at the tRNAs^uence was constant.
apparently widened the range of specificity when the reaction was carried out in vitro.
In the present communication we show that Ml RNA is indeed capable of cleaving jri vitro tRNA precursor substrates lacking the terminal C-C-A. We further show that Ml RNA substrate specificity is strongly Mg -dependent.
Although Ml RNA catalyzed cleavage of a tRNA precursor sequence lacking C-C-A even in the presence of 20 mM Mg , the reaction rate increased substantially with higher [Mg 2+ ]. In the presence of 500 raM Mg 2+ , kinetic specificity of Ml RNA alone was close to that exhibited by the holoenzyme.
PROCEDURES
Bacterial and Phage strains and E. coll B/5 and phage T4A27 (9) were from the collection of W.H. McClain. E.
coli FS101, a recA derivative of the tnpA49 strain and plasmid pLN2 have been described previously (10) . Plasmids pTZ18R, pTZ18U, pTZ19R, and pTZ19U (11) were from Drs. David Mead and Byron Kemper, University of Illinois.
Enzymes and Reagents.
Restriction enzymes were purchased from New England Blolabs or Promega Biotec, Madison, HI. Phage T7 RNA polymerase was from U.S. Biochemicals. Ribonucleotides were from Boehringer-Mannheim. Buffers and stock solutions were prepared in water that had been distilled, deionized, treated with diethylpyrocarbonate and autoclaved.
Isolation of RNA Species Synthesized in vivo and in vitro.
The phage T4 [ 32 P]tRNA Gln -tRNA 1 *" precursor RNA (Band K; see ref. 12 ) was o prepared by infecting E. coli FS101 at A2 with phage TAA27 at a multiplicity of 15 plaque forming units per cell as described previously (3) . At t= A min.
post infection, [ P]phosphate (1 mCi mL ) was added and incubation continued for a further 11 min.
[ P] Band K RNA was prepared by direct phenol extraction of the culture, followed by electrophoresis in 10Z and 20X polyacrylamide gels (12) . Native E. coll Ml RNA was prepared from a culture of E.
coli FS101 carrying pLN2 (10) by gel electrophoresis in a 5Z polyacrylamide gel containing 7 M urea. The Ml RNA band was visualized by UV shadowing, electroeluted and further purified by chromatography on a column (0.5 ml bed volume) of Whatman DE52 DEAE-cellulose. RNA was eluted from the column by application of preheated (65°) 10 mM Tris-Cl, pH 8.0/ 1 mM EDTA/1.5 M NaCl.
The RNA was recovered by precipitation with an equal volume of 2-propanol at room temperature. Construction of T7 promoter plasmids containing the Ml RNA gene.
Plasmid pLN2 was digested with EcoRl, Kp_nl and SnaBl. The 650 bp Kpnl-SnaBl fragment containing the promoter region and the Ml RNA structural gene was purified from low-melting point agarose. This fragment was cut with Alul and the Alul -SnaBl fragment spanning nucleotides +6 to + 384 of the Ml RNA gene was ligated into the Smal site of plasmid pTZ18R (11) . The cloned Ml RNA sequence obtained by this construction was in the antisense orientation relative to the T7 promoter so the insert was recloned as an EcoRI -Hindlll fragment into plasmid pTZ19R (11) . Orientation was confirmed by determining the orientation of the internal Smal site at nucleotide + 290 of the Ml RNA gene (14, 15) relative to the polylinker EcoRl and BamHI sites and by dideoxynucleotide sequencing of the insert.
RNA processing reactions.
The conditions used for RNAse P holoenzyme reactions were as described by figure 1 . Structure of pTZ19 Ml, a derivative of pTZ19R which places the Ml RNA sequence under the control of a promoter for T7 RNA polymerase. The antisense strand is shown; however single-stranded phage DNA from this construct contains the sense strand (11) . The start point of transcription, transcribed polylinker and EcoRI site used for linearization are shown. The Ml RNA sequence is given in refs. 14 and 15.
RESULTS

Synthesis of active Ml_ RNA in vitro.
We constructed a derivative of pTZ19R containing the HI RNA gene. The T7 prorooter resident in the pTZ vectors then was used to direct in vitro transcription of the cloned Ml RNA sequence (nucleotides + 6 to + 38A; refs. 14,15)
from linearized pTZ19-Ml. The structure of the template is shown in Fig. 1 .
The product RNA migrated as a single band in denaturing polyacrylamide gels at a mobility consistent with its predicted chain length of 434 nucleotides.
Note that the RNA species so produced is longer than native Ml RNA itself (377 nucleotides) since polylinker sequences in the vector were also transcribed from these constructions by the T7 RNA polymerase. Reaction of catalytic RNA with tRNA precursor species.
The synthetic and native Ml RNAs were used to cleave several tRNA precursors in vitro. Among these precursors was the dimeric tRNA -tRNA precursor from phage T4-infected E. coll. The two tRNA sequences in this substrate differ in their degree of 3 1 end maturation: the tRNA sequence has a 3 1 C-C-A terminus encoded in the DNA while the tRNA moiety must be postranscriptionally modified at the 3' end after separation from the tRNA sequence. Biosynthesis of tRNA n requires additional processing to remove a U from the 3' end of the tRNA sequence and to synthesize the C-C-A terminus (12) .
We compared the catalytic efficiency of native and synthetic Ml RNA species on this precursor RNA. In the experiment shown in Fig. 2 ., serial dilu- In the experiments shown in Fig. 3 ., the products of reaction were examined in more detail. Guthrie (12) showed that cleavage of tRNA Gln -tRNA by cleavage with synthetic Ml RNA were of identical mobility with those produced by cleavage with RNase P holoenzyme (12) and are assumed to be identical. All reactions produced mature tRNA (Species 1 in Fig. 3.) ; this molecule resulted from enzymatic cleavage at the 5' end of the tRNA u sequence in precursor RNA. Two tRNA species were produced by the processing reaction as well: immature tRNA (band 2 in Fig. 3 .) contained 5 1 precursor-specific sequences, while mature tRNA (band 3 in Fig. 3 ] had no effect on the distribution of tRNA G n species 2+ (Fig. 4.) . In the presence of 5 mM spermidine, increasing [Mg ] altered the 2+ products produced by the RNA reaction but the effect of [Mg" ] was apparent at lower concentrations so that significant amounts of mature tRNA were produced at 20 mM Mg (data not shown). In separate experiments (data not shown) RNase P holoenzyme was used to cleave the tRNA -tRNA precursor RNA. Variation of the [Mg 2+ ] from 3 to 20 mM had no effect on the distribu-2+ bution of products. Thus, the the effect of Mg on substrate specificity was characteristic only of catalysis by Ml RNA alone.
We examined the effect of The initial rates of cleavage at the tRNA 1 *" (Fig. 5 ) and tRNA Gln (Fig. 6 ) 2+ 5' termini were determined and are shown in Fig. 7 as a function of [Mg ] . It is apparent that the rate of reaction to generate mature tRNA was more strongly [Mg ]-dependent than that to generate mature tRNA u . Fig. 7 shows that the rate of cleavage increased several fold between 100 mM and 500 mM
[Mg ], conditions under which the rate of tRNA u cleavage was nearly constant.
DISCUSSION
Studies of the biosynthetic pathway and enzymatic specificity of tRNA processing in phage TA-infected cells (2-4) have pointed out an important determinant of E. coli RNase P activity: the enzyme has specificity for tRNA precursors containing the C-C-A sequence characteristic of the 3' end of mature tRNAs. Synthesis of this sequence is rate-limiting for the in vivo bioSer synthesis of TA of tRNA and the corresponding precursor RNA is not processed by RNase P until this sequence is added enzymatically (2, 3) . This absolute in vivo requirement for the C-C-A sequence is not necessarily true for monomeric tRNA precursors, as the 5' ends of tRNA ro and tRNA can be synthesized in vivo in the absence of 3' terminal C-C-A synthesis; however, these 5' maturations may not be carried out only by RNase P (3,A).
In vitro, purified RNase P holoenzyme reflects partially this jji vivo specificity, exhibiting a threefold preference in rate (V /K ) for cleavage of the precursor RNAs containing the 3' C-C-A sequence over those containing other sequences (A). Subsequent to the discovery that the HI RNA subunit of RNase P is catalytically active _ln vitro (5), two groups examined the dependence of processing by the isolated RNA on the presence of the C-C-A sequence in the substrate (6, 7) . The substrate specificity of the isolated RNA catalyst was observed to be greater than that exhibited by the holoenzyme: processing by Ml RNA of tRNA precursors lacking the 3' C-C-A sequence occurred only to a very slight extent under conditions where these precursors were extensively cleaved by the lioloenzyme. Thus, the addition of the protein component of RNase P holoenzyme to Ml RNA seemed to result in a lowered specificity of the enzyme, enabling it to carry out a nonphysiological reaction in vitro (6) . This situation was somewhat paradoxical, as Lhe protein component of RNase P is absolutely required for tRNA processing _in vivo (2, 8) , a situation where processing by the holoenzyme is presumably more specific than it is in vitro (A). In the present work we have characterized the activity of purified and synthetic Ml RNA on a dimeric precursor RNA and shown that enzymatic
•?+ specificity for a tRNA precursor sequence containing C-C-A is strongly Hg 2+ dependent. At low [Mg ], Ml RNA catalysis strongly preferred the cleavage site at the 5 1 end of tRNA , the tRNA containing an intact C-C-A sequence, although the 5' end of tRNA n was also cleaved very slowly (Fig. 2) . At higher [Hg ], cleavage specificity was less strongly dependent on the C-C-A sequence.
In the present experiments, as in others (5-7), Ml RNA usually was present in large molar excess over substrate. This condition was used here for two reasons. Besides the obvious one of increasing the rate of reaction, the condition of excess catalyst reduces the Michaelis-Menten equation to a pseudo-first order reaction whose rate is dependent on substrate concentration alone. The validity of this assumption was verified in control experiments (not shown) in which tenfold increases or decreases in the concentration of Ml RNA did not affect either the overall rate of precursor cleavage or the relative distribution of products. The results in Fig. 6 ] was raised from 100 to 500 mM (Fig. 7 ).
The kinetic mechanism by which Mg activates cleavage of the tRNA sequence could not be determined with the jji vivo-labeled substrate; however, it seems likely that the effect of [Mg ] is exerted on the interaction of substrate and catalytic RNAs. First, previous investigations indicated that bulk tRNA lacking Lhe C-C-A terminus had a higher K^ for inhibiting the Ml RNA reaction than did intact tRNA (6) . This implies a difference in enzyme-inhibitor association. Secondly, in parallel experiments, Green and Void (19) have observed that the preference of B. subtilis P-RNA for a pre-tRNA species containing C-C-A over one lacking C-C-A can be ascribed to a differ- ] conditions. Secondly, Been and Cech (22) found that a genetically engineered mismatch in the internal guide sequence of 
